A series of allylated α-diimine complexes of Ti, Zr, V, Cr, Fe, Ni, and Pd was prepared and characterized. These complexes were activated with methylaluminoxane (MAO) and tested for catalytic ethylene polymerization. The allyl groups of the ligands can self-immobilize the catalysts and prevent reactor fouling. The catalyst activities and the properties of the obtained polyethylenes are influenced by the metal center and the structure of the corresponding catalyst.
Introduction
The use of α-diimines as ligands in transition metal complexes has received great attention since 1995 when Brookhart and co-workers [1, 2] discovered α-diimine complexes of nickel(II) and palladium(II) as catalysts for the polymerization and oligomerization of olefins. [3] [4] [5] [6] [7] [8] [9] [10] Analogous complexes with various metals and α-diimine ligands are known in the literature. [11] [12] [13] [14] [15] [16] [17] [18] [19] Substituents on the arene moiety and/or the backbone of the α-diimine ligand influence the active sites of these catalysts during the polymerization reaction. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Despite of many advantages of α-diimine nickel catalysts, their homogeneous nature can cause difficulties in controlling the polymer particle morphology and they can cause severe reactor fouling when they are used in slurry or gas-phase polymerization processes. To overcome these drawbacks, several methods are known to heterogenize homogeneous catalysts by fixing them on different types of supports, such as silica [35] [36] [37] [38] [39] or other polymers. [39, 40] A very elegant method to heterogenize homogeneous metallocene or half sandwich catalysts is the functionalization of such catalysts with an olefin containing substituent that can copolymerize with the olefinic  Corresponding author: e-mail: helmut.alt@uni-bayreuth.de monomer to give a heterogeneous pre-polymerized catalyst. [41] [42] [43] [44] [45] Although, selfimmobilization is a very elegant method to heterogenize such catalysts, only few α-diimine nickel complexes bearing ω-alkenyl functions were prepared and heterogenized via the self-immobilization method. [39, 46] In this paper we report the synthesis of several α-diimine complexes bearing allyl groups at the backbone of the ligand framework. These allyl groups can heterogenize the α-diimine catalysts via the self-immobilisation method and prevent reactor fouling. The effects of introducing an allyl group in the structure of -diimine complexes or changing the metal centers of the catalysts were investigated in order to study the polymerization activities of the corresponding catalysts and the molecular weights of the produced polyethylenes.
Results and discussion

Synthesis of the allylated α-diimine compounds
The α-diimine compounds 1-3 were synthesized by condensation reactions of two equivalents of substituted aniline derivatives with one equivalent of diacetyl (2,3- butadione) in the presence of formic acid as catalyst (Scheme 1).
Scheme 1: Synthesis of the α-diimine compounds 1-3.
The allylated α-diimine compounds 4-6 were synthesized via metalating the appropriate α-diimine compounds 1-3 with a 1:1 mixture of n-butyllithium and tetramethylethylenediamine (TMEDA). The resulting lithium salts were then reacted with allyl bromide to afford the corresponding products 4-6 (Scheme 2).
Scheme 2:
Synthesis of the allylated α-diimine compounds 4-6.
Compounds 1-6 were characterized by NMR spectroscopy (see section 3).
Single crystals of 6 were obtained by slow solvent evaporation from a concentrated methanol solution. The molecular structure of compound 6 was unambiguously established by X-ray analysis. The numbering system is given in Scheme 3 while the crystal data and structure refinement are summarized in the Experimental section. The principal plane contains the atoms N1C1C2 and N2 which are slightly deviated from this principal plane; the mean deviation is 0.0752 Å. This deviation is caused by the different groups attached to the carbon atoms C1 and C2. The carbon atoms C7-C12 of the aromatic ring are in the same plane which has an angle of 85.3˚
with the principal plane while the carbon atoms C19-C24 of the other aromatic ring are in the same plane which has an angle of 84.9˚ with the principal plane. These two planes formed by the aromatic rings are not parallel to each other and slightly twisted by an angle of 6.8˚.
Synthesis of the allylated α-diimine complexes
The allylated α-diimine complexes 4a-g, 5a-g, and 6a-g were synthesized via reacting the desired metal salts with the respective -diimine compounds 4, 5, or 6.
The metal salts titanium tetrachloride (TiCl 4 ), zirconium tetrachloride (ZrCl 4 ), vanadium trichloride (VCl 3 ), chromium trichloride (CrCl 3 ), iron trichloride (FeCl 3 ), dibromo(1,2-dimethoxyethane)nickel(II) (NiBr 2 ·DME) or dichloro(1,5-cyclooctadiene)palladium(II) (PdCl 2 ·COD) were used. The complexes 4a-g, 5a-g, and 6a-g are bearing allyl groups on the backbones of the complex structures (Scheme 4).
Scheme 4:
Synthesis of the allylated α-diimine complexes 4a-g, 5a-g, and 6a-g.
The complexes 4a-g, 5a-g, and 6a-g were characterized by mass spectroscopy and elemental analysis. Due to either the paramagnetism of these complexes or the poor solubility in NMR solvents, only complex 6g was characterized by NMR spectroscopy. The 1 H NMR spectrum of complex 6g is shown in Scheme 5.
Scheme 5:
1 H NMR spectrum of the α-diimine complex 6g. ppm. The signal of the CH groups of the isopropyl functions is split into two septets at δ = 3.10 and 2.98 ppm. The methylene group 2 produces the triplet at δ = 2.54 ppm while the pseudo quartet at δ = 2.21 ppm is assigned to the methylene group 29. The methyl group at the backbone of the complex structure yields the intensive singlet at δ = 2.13 ppm while the methyl groups belonging to the isopropyl functions produce four doublet signals at δ = 1.54, 1.47, 1.29 and 1.23 ppm.
Single crystals of complex 6g were obtained by slow solvent evaporation from a concentrated methylene chloride solution. The molecular structure of complex 6g was determined by X-ray analysis. The numbering system is given in Scheme 6 while the crystal data and structure refinement are summarized in the Experimental section.
. 
Results of ethylene polymerization
Suspensions of a few milligrams of the complexes 4a-g, 5a-g, and 6a-g in No reactor fouling was observed in these polymerization experiments. This can be interpreted with the copolymerization of the catalysts and ethylene as described earlier [41] [42] [43] [44] [45] which results in an immobilization of the catalytic centers on the growing polymer chain. The catalysts become heterogeneous and prevent reactor fouling.
The palladium catalysts 4g, 5g, and 6g showed no polymerization activities. A reason could be the strong coordination of the -system of the allyl function to the metal center resulting in blocking the active sites for the coordination of free ethylene and deactivating the catalyst. This behavior was not observed with the other metals and was a distinguished behavior of palladium.
Scheme 7:
Change of polymerization activities when changing the structure of -diimine complexes and the metal centers.
The chromium catalysts 4d, 5d, and 6d showed higher activities than the analogous iron catalysts which showed the lowest activities. The vanadium catalysts 4c, 5c, and 6c showed lower activities than the analogous nickel catalysts which showed the highest activities. The zirconium catalysts showed higher activity compared to the titanium catalysts with the exception of catalyst 5b. This can be assigned to a better separation of the cationic active species and the anionic MAO species of the zirconium catalyst. The better separation allows more monomers to reach the active site of the catalyst raising the polymerization activity. Both of the titanium and zirconium catalysts had lower activities than the vanadium catalysts. This may attribute to the different metal and the lower number of ligands coordinated to the vanadium center than in case of the titanium or zirconium catalysts resulting in less interactions with the substituents at the ortho positions of the arene moieties. These interactions can hinder the coordination sites of the metal center and lower the catalyst activity. The same explanation can be used to interpret the higher activity of the nickel catalysts 4f, 5f, and 6f compared with the vanadium catalysts 4c, 5c, and 6c.
The change in polymerization activity with the change of the ortho substituents at the arene moieties of the catalyst structures shows that the bulkier the substituents, the lower the polymerization activity. This result is compatible with the chain running mechanism [3] [4] [5] [6] [7] [8] [9] [10] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] (Scheme 8) which suggests that the bulky substituents can hinder the monomers from reaching the active catalytic centers due to their interaction with the axial coordination sites of the metal centers resulting in lower activities. The influence of the substituent's size on the catalyst activity was higher in the case of nickel and zirconium catalysts.
Scheme 8:
Chain running mechanism. [3] [4] [5] [6] [7] [8] [9] [10] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Samples of the produced polyethylene by the nickel catalysts 4f, 5f, and 6f were analyzed by gel permeation chromatography (GPC). The aim was to study the effect of varying the bulk of the ortho substituents at the arene moieties on the molecular weight (MW) of the produced polyethylene and the molecular weight distribution (MWD). The GPC results are summarized in Table 1 . The GPC results showed an increase in the molecular weights and a decrease in the molecular weight distributions when increasing the bulk of the ortho substituents at the arene moieties. The results can be explained by referring to the chain running mechanism suggesting that the bulkier the ortho substituents, the more is the hindrance at the axial plane of the nickel center. This causes a slow chain transfer relative to chain propagation and thus, a polyethylene with higher molecular weight will be produced.
In order to have a better understanding of the effect of introducing allyl groups in the structure of the α-diimine nickel(II) catalysts, the Brookhart nickel catalyst was prepared according to the literature. [37] The structure of the catalyst is shown in Scheme 9.
Scheme 9:
Structure of an -diimine nickel(II) catalyst described by Brookhart.
[37]
The complexes 6f and Brookhart's nickel complex were activated with MAO, the Ni:Al ratio was 1:1500. The catalysts were tested for the polymerization of ethylene (in 250 ml of n-pentane and 10 bar ethylene). The polymerization temperature was 50 °C because Brookhart reported a deactivation of his catalysts at 60 °C or above. [27] The polymerization activity of catalyst 6f was 4365 kg PE / mol cat. h while the activity of Brookhart's nickel catalyst was 15390 kg PE / mol cat. h. The produced polyethylenes with these catalysts were analyzed by GPC to study the effect of introducing allyl groups in the ligand framework of Brookhart nickel(II) catalyst on the molecular weight (MW) of the produced polyethylene. The GPC results are summarized in Table 2 . The GPC results showed that the introduction of allyl groups in the ligand framework of the Brookhart catalyst caused an increase of the molecular weight of the produced polyethylene. The allyl groups at the backbone of the catalyst structure can fix the planes of the aryl rings closer to be perpendicular to the coordination plane of the nickel center. The positions of the planes of the aryl ring cause the ortho substituents at these rings to hinder the axial plane of the nickel center. As a result the chain transfer relative to the chain propagation slows down, and a polyethylene with a high molecular weight is produced.
Experimental
All experimental work was routinely carried out using Schlenk technique. Dried and purified argon was used as inert gas. n-Pentane, n-hexane, diethyl ether, toluene and tetrahydrofuran were purified by distillation over Na/K alloy. Diethyl ether was additionally distilled over lithium aluminum hydride. Methylene chloride was dried with phosphorus pentoxide and calcium hydride. Methanol and ethanol were dried over molecular sieves. Deuterated solvents (CDCl 3 , CD 2 Cl 2 ) for NMR spectroscopy were purchased from Euriso-Top and stored over molecular sieves (3 Å). Methylalumoxane (30% in toluene) was purchased from Crompton (Bergkamen) and Albemarle (Baton 
Mass spectrometry
Mass spectra were routinely recorded at the Zentrale Analytik of the University of Bayreuth with a VARIAN MAT CH-7 instrument (direct inlet, EI, E = 70 eV) and a VARIAN MAT 8500 spectrometer.
Gel permeation chromatography (GPC)
GPC measurements were routinely performed by the analytical department at Saudi Basic Industries Corportion (SABIC) in Riyadh, Saudi Arabia.
Elemental analysis
The analyses were performed with a Vario EL III CHN instrument. Therefore, an amount of 4-6 mg of the complex was weighed into a standard tin pan. The tin pan was carefully closed and introduced into the auto sampler of the instrument. The raw values of the carbon, hydrogen, and nitrogen contents were multiplied with calibration factors (calibration compound: acetamide).
Crystal structure analysis X-ray crystal structure analyses were performed by using a STOE-IPDS II diffractometer equipped with an Oxford Cryostream low-temperature unit.
Crystal data: The X-ray data are deposited at the Cambridge Crystallographic Data Centre. The data have been assigned the deposition numbers CCDC 987637 and CCDC 987638.
General synthesis of the -diimine compounds 1-3
To a mixture of 10 g (116 mmol) of 2,3-butanedione and 50 ml of methanol in a 250 ml round-bottom flask, 238 mmol of the appropriate aniline was added. The mixture was stirred for five minutes followed by the addition of 12.28 g (267 mmol) of formic acid. The stirring of the reaction mixture at room temperature resulted in the formation of a yellow precipitate within ten minutes and the reaction mixture was left to stir for 18 h to reach the maximum yield. The resulting yellow solid was collected by filtration then washed with 60 ml of methanol and dried under vacuum. For purification, the products were recrystallized from methanol to afford yellow crystals. Yields: 1, 79%; 2, 85%; 3, 87%. All compounds were characterized by NMR spectroscopy (Table   3 ).
General synthesis of the -diimine compounds bearing allyl groups (4-6)
A mixture of 3.15 ml (21 mmol) of tetramethylethylenediamine (TMEDA) and 13.13 ml (21 mmol) of n-butyllithium (1.6 M in n-hexane) was prepared in a pressureequalizing dropping funnel containing 40 ml n-pentane. This mixture was added dropwise to a stirred solution of 20 mmol of the appropriate -diimine compound (1, 2, or 3) in 100 ml of pentane. Immediately a color change of the solution from yellow to orange was observed. The reaction mixture was stirred overnight. The next step was the addition of 4 equiv. of allyl bromide (80 mmol, 7 ml) and refluxing the reaction mixture overnight. Later, the refluxing was stopped and the reaction mixture was allowed to cool down to room temperature. Removal of the solvent and the excess of allyl bromide by evaporation resulted in a viscous yellow liquid which was dissolved in npentane and filtered over sodium sulphate and silica. The solvent was removed and the resulting yellow powder was recrystallized from methanol at room temperature to afford the products as yellow crystals. Yields: 4, 75%; 5, 73%; 6, 80%. All compounds were characterized by NMR spectroscopy (Table 3 ). Compound 6 gave single crystals that were suitable for an X-ray analysis.
General synthesis of the complexes of -diimines bearing allyl groups (4a-g, 5a-g, and 6a-g)
The metal salts titanium tetrachloride (TiCl 4 ), zirconium tetrachloride (ZrCl 4 ), vanadium trichloride (VCl 3 ), chromium trichloride (CrCl 3 ), iron trichloride (FeCl 3 ), dibromo(1,2-dimethoxyethane)nickel(II) (NiBr 2 ·DME) or dichloro (1,5-cyclooctadiene)-palladium(II) (PdCl 2 ·COD) were used. 3 mmol of the desired metal salt was added to 4 mmol of the respective -diimine ligand bearing allyl groups (4, 5, or 6) dissolved in 150 ml THF. Diethyl ether was used instead of THF for the synthesis of the titanium and iron complexes. The mixture was stirred for 18 h at room temperature. For purification, the volume of the solvent was reduced in vacuo and the complexes were precipitated by adding pentane. After washing several times with n-pentane until the solvent stayed colorless, the products were dried in vacuo. The complexes were obtained as powders. The yields were 55-90%. All compounds were characterized by MS and elemental analysis (Table 4) . Complex 6g was characterized by NMR spectroscopy (Table 3 ) and gave single crystals that were suitable for an X-ray analysis. C-NMR spectra of compounds 1-6 and complex 6g.
Nr.
H-NMR [δ in ppm]
a) 13 
C-NMR [δ in ppm]
Polymerization of ethylene
The mixture in n-pentane was transferred to a 1 l Büchi laboratory autoclave under inert atmosphere and thermostated at 65
• C or 50
• C. An ethylene pressure of 10 bar was applied for 1 h. After releasing the pressure, the polymer was filtered over a frit, washed with diluted hydrochloric acid, water, and acetone, and finally dried in vacuo.
